The multiphonon emission capture mechanism by neutral centers, in the presence of an electric field below 1 MV/cm, has been numerically simulated by the Monte Carlo method. Based on common models for the initial and final states, a simple expression of the process probability has been calculated considering both nonpolar and polar electron-phonon coupling. The validity range of this expression is assumed for a carrier energy E,<E,, where E, is the impurity level depth. In order to check the probability rate, this mechanism was included in the framework of a previous numerical procedure as one more mechanism for calculating the capture cross section as an electric-field function. This theoretical framework is given for both polar and nonpolar semiconductors. The Pt and Au acceptor levels in Si have been analyzed with the probability expression, particularized for the case of nonpolar coupling, by fitting the available experimental data of capture cross sections with the numerical results. In both cases, the values of the Huang-Rhys parameter have been confirmed with the experimental measurements and previous theoretical calculation without the applied field. According our calculations, the experimentally observed decrease of the cross sections at high fields is attributed to carrier heating. In the range of temperatures from 77 to 300 K, the dependence of the numerical capture cross sections appears as Ee3" with a field between 5X lo4 V/cm and 1 MV/cm. The temperature dependence change of the numerical cross section at high electric field is also caused by electron heating. 0 1995 American Institute of Physics.
I. INTRODUCTION
In modem semiconductor devices, carrier capture processes by defects take place mainly in the presence of nonnegligible electric fields. The study of this phenomenon is necessary to understand processes such as trapping in metaloxide-semiconductor (MOS) structures or noise produced by traps. Prior investigation of these subjects has shown the importance of good characterization of the capture process. One useful tool to analyze in depth the interaction of carriers with the lattice and lattice defects is the Monte Carlo method. Several recent works focusing on generationrecombination noise treated the capture by attractive shallow centers using this numerical method."2 Another report reproduced the capture cross sections of electrons by deep Coulombic-attractive centers in the Si02 layer of MOS structures.3 The study of the influence of electric fields on capture by deep neutral centers is also interesting due to these kinds of impurities being very common in semiconductors. Until now the multiphonon mechanism has been the best way to explain the capture by these impurities.4*5 Knowledge of the behavior of the capture cross section with electric field in semiconductors represents the first step in the study of the capture mechanism in structures and devices.
The aim of this work is to present the results of a comprehensive study of multiphonon electron capture by impurities in the presence of an electric field by numerical calculation of their capture cross sections. This has been possible by introducing a novel calculation of the multiphonon emission probability as a function of the free-carrier energy in a "Electronic mail: albi@gcd.ugr.es numerical procedure. The theoretical bases are found in an expression of the capture probability obtained by Ridley.' Ridley' s calculations were performed by considering the nonadiabatic component of the crystal Hamiltonian as being responsible for the multiphonon transition. The numerical procedure is based on the Monte Carlo method, developed previously to study the capture process in the absence of an electric field, in which, in addition to the scattering processes of the lattice, the capture mechanism is included as one more mechanism of electron transport6
In the following section we develop the calculation of the energy-dependent capture probability by introducing appropriate changes in those elements implied in the process that are affected by the electric field. We comment on the differences with previous works based on low-energy carrier calculations (for carrier energy much lower than trap level depth) and all approximations and hypotheses made are checked by comparison with experimental data. We calculate the probability for both nonpolar and polar electron-phonon coupling. In Sec. III we briefly explain our Monte Carlo procedure for extracting the capture cross section from the multiphonon probability.
In Sec. IV our numerical results are compared with experimental capture cross sections in a range of applied electric fields from 0 to values greater than are normally experimentally attainable. Specifically, we have simulated the capture cross sections of Pt and Au in Si. Good agreements were obtained not only with experimental data of capture cross sections but also with other parameters that characterize the process, such as the Huang-Rhys factor S. Almost the same values for this factor are obtained with and without an electric field. We also discuss the importance of the carrier heating by the field and other effects taken into account in our simulations and the main differences with the case of capture by deep Coulombic-attractive centers.3 We have observed a -312 power dependence of the numerical capture cross section with the electric field in the range from 5X lo4 V/cm to 1 MV/cm for both neutral centers in Si. The change of the thermal dependence with a high applied field is also interpreted by the increase in the number of emitted phonons due to carrier heating. Finally, the main conclusions are provided in Sec. V.
II. ENERGY-DEPENDENT PROBABILITY OF CAPTURE BY MULTIPHONON EMISSION
Many theoretical works have been published about the capture of carriers by impurities in semiconductor by multiphonon emission mechanism within the adiabatic and the static approximations. In 1981 Huang showed that both approaches produced similar results.' In a previous work we chose Ridley's approach to study the capture cross section in the absence of an electric field.5
We now calculate an expression of the energy-dependent multiphonon emission probability. Some changes have been made to take into account the non-negligible energy of the free carrier. In order to introduce these modifications, first we briefly reproduce the calculation of the low-energy probability.
Under the adiabatic approximation, the single-phonon frequency, and low-temperature weak-coupling approximation, the multiphonon-capture probability of a center at an energy ET below the minimum of the conduction band Wmph is given by8
Wmph= Wo(n+ l)pe-2nS, p2*4S2n(n+ l),
where for S9p 
U and Q are N-dimensional vectors whose components are associated with the phonon modes (N is the number of phonon modes). Q is the vector of normal coordinates and U the potential for the electron-phonon coupling.
To calculate the probability given in Eq. (l), some models of these magnitudes have been assumed. The following approximate models were considered.
(i) For the free-carrier state in the band close to the impurity, we have taken (flC$ '&, k-r-to, (6) where k is the carrier wave vector, r is the position related to the impurity, and V is the crystal volume. The approximation given in Eq. (6) is very commonly used with very deep neutral levels.8 -'0 (ii) An acceptable approximation'-" for the bound state in the impurity is the delta-function model,"
where ur is a parameter showing the confinement of the impurity state. It is defined as vt = E;';IET, where Ei = (e2/4ae)/2(h2m*) is the energy level of a simple hydrogenlike center (e is the electron charge, E the semiconductor permittivity, and m* the carrier effective mass). A = (27rvTa,) * -1'2 and the modified Bohr radius a$ =(fi2/m*)l(e2/47re).
(iii) For the electron-phonon coupling, we have considered two types of interactions: the optical deformation potential and a polar one, U=D(q) eiq", (8) where ID(q)12=ADqo for the deformation potential and ID(q)12-Ap/q2 for the polar interaction, q is the phonon wave vector, and A, and A, are material constants. Although the phonon energy involved in the multiphonon transition is unknown, we chose lattice phonons in order to fix this parameter in the probability.6 We have taken the nonpolar LO phonon, ii,@=63 meV, as the phonon emitted in transitions in Si and the optical polar phonon in GaAs, no=35 meV.
With all these models, the matrix elements and the probability can be calculated. Thus, according to Eqs. (6), (7), and (8) and using Stirling's formula, the capture probability by multiphonon emission for low-energy electrons at deep neutral centers is given by
Until now, expressions such as Eq. (9) have been used to interpret multiphonon capture. In such expressions the contribution of carriers with non-negligible energy to the capture process was always neglected. However, if the value of the electric field is high enough, the carrier energy will not be negligible and this probability will not be suitable to describe the capture of carriers with high energies in the band. A new expression of this probability where the carrier energy is taken into account should converge to the low-energy expression when energy tends to zero. To calculate the new probability some changes and considerations have been included, as follows.
(a) The number of emitted phonons p increases with the carrier energy,' so ET+ E ",= ho ' (10) where E is the carrier energy.
(b) In the range of electric fields in this study (EC 1 MV/cm), for neutral centers we admit that the lowering of the potential barrier will be negligible. This so-called PooleFrenkel effect is, however, important for attractive charged centers.
(c) The bound and free wave function may also be affected by the electric field. The bound state is considered to remain unperturbed, due to the potential well for neutral impurities being very sharp, resulting in a negligible contribution of the volume shrinkage of the trap with electric field. This consideration is not valid for Coulombic-attractive centers where the reduction of the volume with field has been shown to be of great importance.3 On the other hand, in the approximation given in Eq. (6) for the free state, all the energy dependence in the matrix element has been removed. As our purpose is to calculate the energy dependence of the multiphonon probability, we have approximated the free state as follows:
pspe -S Wmph(E)= V(27rp)"*(ple)P [ 1 +(kv&)2]" We consider that Eq. (11) is valid for k vru;f; < 1 in accordance with the range of applicability for the plane wave in Eq. (6). Therefore, this model will be valid for an electron energy E,< ET .I2
where V is the crystal volume and n =2/3 for nonpolar coupling in Si and n =4/3 for polar coupling in GaAs. Once the new approximation for the free state has been
The energy dependence of expression (15) is shown in done, it is necessary to recalculate the nonpolar and polar Fig. 2 . In this figure we have represented the probability matrix elements /VI2 to obtain the energy-dependent probnormalized to zero energy, first considering only the depenability. As this calculation is not analytically possible, we dence of the number of emitted phonons with energy (dashed have evaluated it numerically. In Fig. l(a) and l(b) the maline) and second including the energy dependence of the matrix elements normalized to zero energy are plotted as the trix element (solid line) for the nonpolar coupling case. As carrier energy function E for nonpolar and polar electronwe can observe, the main contribution comes from the en- phonon interactions with data from Si and from GaAs respectively. Symbols correspond with numerical calculations. From these figures a decrease of the probability with increasing energies can be deduced. This trend is easily explained by the decrease of the overlap between the bound and free state as the carrier goes up in the band. In order to improve the study of the capture process, an analytical expression is now proposed to fit these numerical data. The solid line represents the best fitting with the form VD(e), Iw42= lW)12 [I + (kv>;)212/"
for the optical deformation potential given in (7) and V'(e), for the polar interaction. In both cases V(0) is the approximate solution calculated for deep levels,' IV(0)12=36nS(~w)2 w.
The final expression for the multiphonon emission probability for neutral centers including all energy dependencies WmPh(e), is ergy dependence of p. However, if the contribution of the matrix element is neglected, the dependence of the experimental capture cross section is not accurately reproduced.
It is also important to point out in Eq. (15) that given the depth of the trap level and the phonon energy of the multiphonon transition, the only free parameter is the HuangRhys factor. As we show, the way to check the new expression for the probability is by obtaining capture cross sections derived from it and comparing them with experimental data and also by comparing the values of S that fit the experimental data measured with an electric field with those obtained in the absence of a field.6
III. MONTE CARLO SIMULATION OF THE ELECTRON CAPTURE BY MULTIPHONON EMISSION
Except for the case of a few recent works,3*6,13 the derivation of the capture cross section from the probability has traditionally been done analytically. However, to properly account for the energy carrier distribution in the band affected by an external electric field, more accurate procedures must be used. The Monte Carlo method has proven itself to be a good way found so far to study the carrier transport under such conditions.
Due to the possibility of combining the scattering events in the semiconductor with the capture mechanism, the Monte Carlo method has also demonstrated itself to be an ideal procedure to study the nonradiative capture mechanism at a microscopic level. We have used it to obtain a complete dependence on the external electric field of the capture cross sections for this mechanism.
Basically, the multiphonon emission mechanism was introduced in Monte Carlo simulation of electron transport in the conduction band of Si as one more scattering mechanism. We have modeled this conduction band with six valleys and introduced the nonparabolicity effect. Scattering mechanism parameters used in the simulation are given in Table I . We first replaced volume V in Eq. (15) by the average volume of an impurity in a sample with an empty impurity concentration N,, obtaining the following expression for the probability:
Introducing the probability given in Eq. (16) in the Monte Carlo simulation, the time that the carrier spends in the band before being captured, i.e., the average capture time G-~, and the average carrier mean velocity (u) are obtained directly. Thus, the average capture cross section is calculated according to 1 a=m.
It is important to point out that this procedure for incorporating the capture mechanism in a lattice could be useful in the future for studying several center effects. In this work we have used this Monte Carlo procedure to study the field dependence of the capture cross sections of common centers Fig. 3 these results are compared with data from the Pt acceptor level in Si at 77 K (Refs. 15 and 16 (symbols). To fit these data, a value of S=O.4 for the Huang-Rhys factor was necessary, which is very close to experimental measurementsI and a previous fitting.6 It is important to note that agreement has been possible in a range of the electric field including E =O. In this figure the cross section calculated from the energy-independent capture probability (dashed line) is also represented, but neither the magnitude nor the field dependence agree with experimental data as shown. At this temperature, the capture cross-section dependence with the electric field can be expressed as E-3/2 (dotted line) for fields higher than 5 X lo4 V/cm.
Analogously, the fitting for the Au acceptor level in Si is represented in Fig. 4 . Good agreement is also achieved with a value of S= 1.55 close to previous numerical calculations without electric field.6 In both cases we can observe a sharper decay of the cross section at high electric fields than at low fields. This trend has also been obtained for Au at room temperature, as shown in Fig. 5 . At 300 K, the extrapolation of our calculations for zero field is a=2.6X lo-r6 cm*, very close to the measurements of Lang et ~1." The E-3n field dependence is also shown for E>5X lo4 V/cm.
It is interesting to compare the behavior of these types of centers with deep Coulombic-attractive traps. Among the factors that modify the capture cross section with the electric field are carrier heating, volume shrinkage of the bound state, and the Poole-Frenkel effect. Due to the characteristics of the potential produced by a deep neutral trap and according our calculations, we believe the main reason for the decrease of the cross section is carrier heating, i.e., the major energetic . T=300 K -!O distance to the trap level, whereas the contribution of the reduction of the effective impurity volume is negligible in contrast with the results of the attractive traps. Moreover, we have been able to estimate this carrier heating due to the electric field. To do so, we obtained by our numerical procedure the average energy from which the carrier makes the multiphonon transition to the deep level, i.e., the capture energy (E,,). This energy is plotted versus the electric field in Fig. 6 . at 77 and 300 K for typical deep neutral centers in Si. In this figure it is interesting to note the quicker increase of the capture energy at 77 K which corresponds with the well-known faster heating of the carrier at low temperatures. This fact is reflected in Figs. 3 and 5, where at low fields the capture cross section at low temperatures decreases more sharply than at room temperature.
Once we have analyzed the field dependence of the capture cross section at a fixed temperature, another important study to carry out is the behavior of this magnitude with temperature for a fixed electric field. For this reason, in Fig.  7 we have simulated the thermal behavior of the electron capture cross section of the Pt acceptor level in Si (S=O.4 and EC-E,=0.231 eV) at several field values. We can observe that the near independence of temperature at this magnitude persists for intermediate electric fields. These thermal dependencies have been obtained for several centers and have shown that the thermal behavior of the capture cross section hardly varies with the presence of electric fields below lo4 V/cm during the capture process in neutral impurities in silicon.
However, at high electric fields the numerical capture cross section increases with temperature. To explain this, we have extended the numerical calculation made in Fig. 5 . In Fig. 8 we plotted the ratio between the theoretical capture probabilities of the above-mentioned center calculated at 80 and 350 K for Pt and Au in silicon. The trend is similar for both centers, showing an increasing of the ratio with the energy. This increase is due to an increase of p (the number of emitted phonons in the capture process) in the factor (n + 1 )p from Fq. (15) at high electric fields. In consequence, a change in the thermal dependence of the capture cross sections from zero field dependence is expected due to an increase of the capture probability at high carrier energies, as we have shown.
V. CONCLUSIONS
The multiphonon carrier-capture mechanism by neutral impurities in the presence of electric fields below I MV/cm has been analyzed. On the basis of non-Condonianan adiabatic approach, we have obtained an analytical expression of the capture probability by multiphonon process for carrier energies below E,. This expression, in which the undetermined parameters are reduced to zero or one (in the latter case when the Huang-Khys factor S is unknown) was obtained by a set of simple assumptions. To introduce the effect of the applied field, we neglected the reduction of the effective impurity radio and the Poole-Frenkel effect (important effects in Coulombic traps). The Monte Carlo method was used to simulate this capture mechanism including our expression of the probability dependent on the carrier energy reduced to the one impurity volume.
We have determined that the numerical capture probability decreases with the carrier energy, which effect is caused by the smaller overlap between the free and the bound states and by a greater number of phonons needed for the transition. This trend has been confirmed by measurements of the capture cross sections of neutral centers in Si.
The numerical capture cross sections also agree with experimental results. The models for the free and bound states appear to be good approximations and the matrix elements seem to correctly describe the overlap between the final and the initial states in the capture process. The values of S=O.4 (close to experimental measurements) and Se1.5, for the acceptors levels of the Pt and Au in Si, respectively, are also reasonable values to describe the positional adjustment of the impurity in lattice after an electron capture, and they are almost the same values obtained in a previous study without an electric field. We have confirmed that carrier heating is the main reason for the decrease of the capture cross section. Moreover, we have pointed out that the change in the thermal dependence of this magnitude at high electric fields is due precisely to this fact.
In summary, the important result of joining the capture cross sections measured with and without an applied electric field by means of a numerical calculation has been coherently achieved.
